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i I

FOR_ORD

This is the final report prepared by National Beryllia Corp. under

Contract NASw-685 for National Aeronautlcs and Space A0ministra-
tio_. The objectives of the work have been to _evelop techniques

for the growth of single crystals of beryllium .oxide suitable /:or

use in microelectronic applications, and the precise determination

of their mechanical, thermal and dielectric properties. The work

: i was administered under the direction of the Electronics and Con-
trol Division, National Aeronautics and Space Administration.

I This report covers work carried out by the Research and Develop-
, ment Division of National Beryllia Corp., between 8 April 1963 and

' 8 December 1963.

,. [ Research Was directed by Dr. Eugene Ryshkewitch, with Philip S.

. Hessinger as Project Manager. Technical personnel participating

[ in the _rogram included R. L. Sharkitt, K. H. Styh_, G. Ferment
and W. Allen.
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I" Single crystals of beryllitn_ oxide have been grown b;' 'the water-
vapor transport ..,thod, evaporation-condensation t_._chnique, and

• crystalliz_tlo,_ f_om molten salt_. Hexagonal shaped platelets

l of nlonocrystalline Be0 have been produced, mainly by the water-
vapor t£anspert method, in sizes up to 0,175" diameter, with

average d_ameters of 0.050-.0.060".. Chemical purity of these

i crystals has been very high, with most of the impurities concen-
trated at the surfaces. High levels o£ purity have alsc. been

maintaine£ on monocrystalline products of the evapo,:atlon-.

i condensation and molter, sal£s techniques'.

Dielectric, optical and thermal properties of-single .crystals of

i Be0 have been measured, and results correlated with crystal struc-
tuze. Results of experimental work have shown strong indications

that monocrystalline Be0 exhibits many charscteristics, both

l physical and mechanical, which make the material far mor_ attrac-
tive than the polycrystallipe variety. The use of monocrystalline

Be0, preferen.t±allyaligne6, shows promise of far superior particu-

l late .and aggregate properti6',_ for applications *a, wiL,_w_ ]_ilter,
and contzolle( energy transfer tasterials, r, -l_/j;
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I. INTRqDUCTI ON

The unique combination of two physical prcperti.es have made

i beryllium oxide far more attractive than other refractorycrystalline materials. Beryllium oxide exhibits both an

extremely high thermal conductivity and at the same time is a

I dielectric having high electrical resistivity and low dle]ectricloss. Sintered beryllium oxide has, therefore, been useful in

numerous advanced electronic applications where heat dissipation

I from active components is of critical importance. In poly-
crystalline form, produced by normal cold pressing and sintering

operation_ to yield a high purity body with 95-98% of theoretical

I density, beryllium oxide exhibits a thermal conductivity of 0.63
cal/cm2/cm/sec°C at roo_ tem':_erature, with electrical resistivity

of at least 1015 ohm/cm and dielectric loss tangent of 0.0004 or

I less depending on frequency. A list of some physical properties
&

may be found in Figure i.

[ ,The thermal and dielectric properties of polycrystailine Be0 are

well known as well as the basic crystal str_ctur_ of the material°

Several investigator s have reported on the p_ezoelectric and fevro-

t electric properties of _e0. The objectives of the present prog!_:am
have been the development of techniques for the qrowth of single

cry_ta!s of beryllium oxide suitable for use in microelectronic

[ applications, and the precise determination of their mechanical,

± thermal and dielectric properties. Properties of specific interest

in Beu single crystals are:r

• a. Thermal conductivity in "a" and "c"
crystallographic

directions

b. Electrical resistivity as a function of temperature

c. Dielectric constant as a function of _ _quency and

temperature

d. Dielectric loss as a function of fr_,quency an_

temperature

e. infrared energy transmission

f. optical properties

_' g. Crystal structure.

f
!
!

t
i
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I | SOME PHYSICAL PROPERTIES OF CRYSTALLINE BERYLLIUM OXIDE

[
i Crystal Structure," Hexagonal: Wurtzite (ZnS)

Lattice Constants" 20°C 1025°C

ao--2.69_ 2.72
co=4.39R 4.43

_ Molar Volume: 8.33i

, .Density: 3.008 gm/cc

Melting Point: 2570 + 30oc
,, _ Boiling Point: 4120 + 170°C

_. i, Therr_ai Conductivity:.. 20°C -. _1000°C

(Ca l/cm 2-s ec-cm-°c ) .0.63 0.07

I.• Volume Resistivity 20°C 1000°C

I. (ohm-cm) 1015 107

t

; 1
' I
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_ II SURVEY OF PREVIOUS WORK
_

i

_" I Several papers have been published based on work in the area of

_. _ production of beryllium oxide powders and the growth of Be0 c_ystai-
t line powders by calcination of various salts such as acetates and

| oxalates. Be_y]lia crystals resulting from these studies have not

,_ _ been considered under the present research since they are extremely

. small in crystallite size and their end objective Is utilization
| in fabrication of ceramic bodies.

!, L

Growth of beryllium oxide in single crystal form has been investi-

I gated bv various groups including the present under programs
authors

related to nonelectronic applications. Ryshkew±cch and associates

(i) have reported on research and development in the growth of Be0T
D_

whiskers to be utilized for high temperature resistant beryllia

: fiber reinforced structural composites. This work conducted under

Air Force sponsorship led to techniques for the preparation of

single crystal whiskers of elongated geometry by oxidation of
A

beryllium metal vapors in a controlled atmosphere. Mechanical

•_ T property measurements on such whiskers indicated strengths in the

I range of 800,000 to 1,900,000 psi in the a crystal direction and
I00,000 to 500,000 psi in the c crystal direction. Work done -

,' T within the same investigation led to preparation of such _hiskers

[ t also by a hijh temperature water-vapor transport, generally yi-s!d-
- ing lath-like crystals of predominantly c axis orientation and

i hexagonal platelets of basal plane orientation. Austerman andHopkin _ (2) have reported on the chazacter of beryllium oxide

crystals _row n from alkali molybdate solution, prircipally

T Li2MoO4--Mo03. Using this technique in a temperature range of
1 1400°C they obtained crystals up to 5 mm in the imperfect condition

and up to 2 mm in a clear well-formed structure, Three dimensional

w crystals of both the pyramidal and the prismatic form were produced

"_" by varying the growth conditions. No attempt was made under this

program to evaluate the properties ok the material. Newkirk ann

" Kingman (3) have i°eportcd on -_,ynthesis of beryllzum oxide single

• crystals also utilizing growth from a molten flux. In their work

crystals up to a maximum of 5 mm were obtained. Their Study in-

"' . cluded some research on the water vapor transport technique, however,

_ they _ere unable to adapt it to growth of ]arger crystals.

1964018929-012
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III. TECHNICAL PROGRAM

f
A. O__b_ecti Jes

| -The ob]ectives of the present program have b_en.thc development

of techniques for the growth of single crystals of beryllium

oxide suitable for use in microelectronic applications, and the
- precJse determination of their mechanical, thermal and dielectric

properties.

I i. Task A - Sinql_e Cr_tal Growt__hh

I The single cryst_! growth portion of the program has had
as its main ob]ective the per£ection of techniques for

reproducibly growing 121atelet type crystals of controllable

high purity and minimum _urface contamination and imperfections.

2. Task B - Dielectric, Optical and Thermal Properties

i
The thermal and dleiectric properties of polycrystalline

Be0 are well known as well as the basic crystal structure of

i the material. Several investigators have reported on the

[ prezociectric and ferroelectric properties of Be0. The

te3tinq uortion of this program has had as its m_Jn objective!

the precise determination of the anisotropic characteristics

' of single crystal Be0 as evidenced by the orientation sensi-

tivity of the mechanlcal, physical and thermal properties.m

B. A_p_roach

i. Task A -* Single Crystal Growth

The nucleation and qrowth of pure single crystals of Be0 has

1 been attempted in two completely different environments.

The first of these is by the water-vapor transport method

j where use is made of a pure Be0 sYstem wherein polycrystal-

I llne Be0 is both the notrient and seeding material. The
!

second technique is by crystallization of Be0 from molten

alkali molybdate.

a. Water-Vapor Transport Method

I Beryllium oxide single crystals can be grown from the vapor

phase by taking advantage of the reversible characteristics

of the reaction: BeO + H20 = Be(0H) 2

| ---4-

|
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:'_ The reaction as written will begin at approximately 300°C.

! At temperatures approaching 1900-2000oc considerable _mounts

I: r of material may be transported in the vapor state az

. beryllium h_droxide, using an appropriate carrier gee. Upon

reaching a seed surface, under proper thermodynamic condl-

tions, the beryllium hydroxide will decompose and condense

}_ as pure Be0 crystals. While this process seems relatively

: simple and straightforward, it is in fact rather complex

since many processing variables determlne the quality and

' quantity of the Be0 crystal yield.

The reaction chamber i_ made of all Be0 but there is still

- a possibii]ty of contaminating materials being released

from the chamber walls as a result of oorrosive attack by

water vapor. The presence of vapor phase contaminants in

.; the chamber may be strongly affecting the size to which a

crystal may grow. Surface contamination of a growing crystal

could be sufficient to upset the thermodynamic conditions

< _ conducive to continued growth. The presence of this contami-

ration on the surface can then prevent continued growth by

not affording an effective nucleation activity. Some e_,ide_ce

has been seen supporting this type of reasonJ

: Basically the growth apparatus consists of a sintered beryllium

- oxide cylinder, open at both ends, which serves as the reaction

chamber when placed vertically in the graphite susceptor ofr

; '| an induction heating furnace. The reaction chamber is made

completely of pure Be0 components, and all other materials

i_ are isolated from the reaction chamber and transport pathto insure a minimizing of contamination possibility. High

fired beryllium oxide in form of chips or powder is introduced

into the lower section of the reaction chamber, directly inr

| the carrier gaa inlet path, where it serves as nutrient

material for the desired reaction. Helium is used as the

carrier gas, and is passed through a high humidity chamber
before entering the reaction chamber through a Berlox high

purity Be0 inlet tube. Reaction occurs between the water

vapor _n_ Be0 nutrient charge Reaction also occurs _t thewall_, of the Be0 reaction chamber. ?he product of these

; iOr:'reactions, beryllium hydroxide-lle, _Z, is transported in

, [ the vapor state to the upper section of the reaction chamber

l where it decomposes and crystall_ne Be0 condenses of, the

surface of Be0 seeding substrates.

t

1964018929-014
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I The results of the water-vapor transport experiments are

listed in Table I and discussed in later sections of this

l Figures 2 and 3 describe the apparatus and reac-
" repo_ _

tion chamber components. FAgs. 4 & 5 3how s.l.ngle crystal products.

l b. Growth _rom SolutiDn

In order to obtain crystals of the non-platelet type,

l made to single crystals of BeO by
attempts were pror]uce

crystailization from alkali molybdates. B_.=ic equipmer, tz

for this type of growth consists of an inert reaction

vessel alkali molybdate and riutrient B._0 in
containing an

an air firing furnace capable of maintaining the molten

bath at a constant temperature while one region on the

of the melt is heat sunk to produce
surface artificially

contrullable thermal extraction area.

Data indicate that at 1455°C approximately 0.25 moles of
i

BeO may be dissolved in ] mole of Li2Mo04:l.25Me03. Crystal-

, lization of Be0 may then be accomplished at temperatu_'es in

! _he neighborhood of 1425°C.

A platinum wound furnace was first considered for thi_ work

I but reaction between the Mo03 vapors and the platinum wire
caused continuous breakdown, and a decision was made to

incorporate a glo-bar, muffled furnace instead. The AI203

I furnace muffle was lined with a Be0 tube to isolate tl:e
reaction region and to afford bette_ _ control of the chamber

, temperature. The Li2MoO%, Mu03 and Be0 wer_ all placed in

a platinum crucible whicI_ was placed insidn a Berlox Be0{
_efractory boat. A thermal gradient was ,qtab]Lsh_d by

introducing a BeO rod into the me] _ ano h_at sinking the

1 opposite end.

i Table IT lists the results of the _ystalllzation experiments,and Figure 6 describes the apparatus. Results are described

and discussed in latter sec_ions of this report.

i

iu

I
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_. SOLUTION GROWTH EXPERIMENTS

*_ Solution Crystallization

R, i No. Furnace Char q_ Te___. _Tim_._ee Te_emR. Time Results

#

1 Li2Mo04(NBC):Be0 1450°C 24hrs. 1400°C 36hrs. Undissolved
,_ I. : 2

_ 2 Li_MoO4(NBC):Be0 1495°C 24hrs. 1400°C 48hrs. Partially dissolved r
Zl : 2 No Crystallize_ion

'[

3 _i2MoO 4(NBC)_Be0_MO03 1460°C 36hr_,. 1440°C 36hrs. Be0 partially dis-

_ ! 2 • 2 solved.Some rejec-

_- tion of very small

BeO crystals

4 _ Li2Mo207:Mo03:Be0 1460°C 24brs !440°C 24hrs. Discolored-Some
,_ 1 :i_.25z l dissolution. No

crystallization

5 LI2Mo207:Be0 1460°C 36hr8 1440°C 72hrs Partially dissolved

. 1 :0°5 No crystallizat_on

' 6 Li^Mo04(NBC).MO0_Be0 1460°C 36hrs 1445 °• , . C 48hrs. Mostly dissolved

Zl _1,25:0,5 Slight crystalliza-

; tion.

._ 7 i Li2Mo04(NBC):Mo03:Be0 1455°C 36h_. 1425°C 48hrs. Mostly dissolved.

._1.25:0_5 Crystallization o[

small Be0 platelets

J up to.o.oos-o.olo"
lon_

%

I,

t

< ,,

J
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I NATIONAL BERYLLIA CORPORATION
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I Figure 2 BERYLLIA CRYSTAL - GROWING APPARATUS

" i SHOWING INDUCTION HEATER, CARRIER
GAS TRAIN AND WATER VAPORIZER

I

{
i

I
[

|
Figure 3 INTERNAL COMPONENTS OF APPARATUS;

i BeO REACTOR TUBE AND SEED RODS

i
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_ NA'£IONAL BERYLLIA CORPORATION

,/

:' |

i

f

-|
Figure 4 - BERYLLIA SINGLE CRYSTAL PI_\TELET

SNOWING IMPURITY DROPLETS ON.

"_ i SURFACE (100X)

f,

_ .

Figure 5 SAME AS ABOVE IN

BRIGHT FIELD ILLUMiNATI_N SHOWING: IMPURITY MIGRATION TRACES (IOOX)
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[ 2. Task B - Properties Determinations

i_ a. Dielectric

, The basic equipment used for determination of dielectric properties

[ includes a Federal Model H Teraohmmeter for DC resistivity, a

General Radio Model 1615A capacitance bridge assembly and a

t_ Boontor Radio 160A Q-meter. Because of the characteristic
r brittleness and size of the crystal samples available, it ,_as

•_ [ necessary to construct specially designed sample holders capable
of making measurements of extremely fine gaps with reproducibility

,_ | and precision. To achieve this, a preliminary sample holder

I (No. i) w_s constructed and exploratory measurements made with

_ the General Radio bridge in order _o determine some of the
4:

•_. | problem areas in working with such a system. The results of these

_ experiments are listed in Table III, and the sample holder is
shown in Figure 7. Based on these results, the following re_ ,/

_ r quirements were established for such a meas rement apparatus.

_ (]) Capability of adjustment and calibration of capacitance

_: _ gap openings down to less than 0.000±" (2.5 microns).
_' L (2) Complete flexibility in adjustment of probe and ground

electrode location so as to allow measurement of not

i _ only platelet type materials but ultimately fibrous

_: _ crystals.
(3) Facility for adapting the sample holder to high

_ _ temperature measurements with ut disturbing the major

• electrical characteristics of the system.[
_: (4) Design made such that the extremely small p'_telet

[ crystals can be inserteQ and removed with a minimum
|_ of handling and with their, location being such that

they can be physically observed dur.ing test.

With these requirements in mind sample holder No. 2, (Figure 8},

'_ was designed and constructed. Preliminary experiments were run

_ using polycrystalline Berlox specimens of varying thicknesses,

'i I both with and without metallized surfaces. Calibration curves
were thus generated to determine reproducibility and precisiont

_ _ of measurements and effects of shielding. Calibration curves for
I sample holders No. 1 and No. 2 are shown in Figures 9 and i0.

[ Data used in establishing the characteristics of these curves

_, _ is listed in Tables IV and V.

I As was to be expected, the selection and fabrication of electrodes

i { was one of the more critical considerations in the establishment_ of conditions acceptable for dielectric testing. Crystal size,
non-uniformity of crystal surface and brittleness can lend

considerably to the difficulties involved in selecting and
_ affixing electrodes. The first approach was to use silver

-13-
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Capacitance Bridge Assembly with Crystal Sample Holder
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-, TABLE IV

4'
_* CALIBRATION DATA FOR DIELECTRIC

SA___M_PLEHOLDER NO. 1

.<

Ele____ct_c/ Fr___eec[uc,nig_g_Z .Ca_9_pacilance Dies fpati on Factor
m

0.0015" 1 KC 0.87_J0 0.0090

t 0.0025 ] KC 0.8600 0.0090
,.

l , 0.007 i KC 0.8140 0.009
I

0.010 i KC O. _.050 0.009

0.015 1 KC 0.7_50 0.0097

!

[" i ().020 1 KC 0.7770 0.0099
[
& 0,025 1 KC 0.7700 0.009G

i 0.031 I KC 0. 1630 0.0095

[ 0.03.5 1 KC 0.7530 0.0090

!_ 0.0025 1 gC 0.8340 0.0080

0.007 1 KC 0.8330 0,0090
I'

°' 0.010 l KC 0._200 0.0090

Ii 0.015 I _C O. 8060 0.0090

0._20 I KC 0.7950 O. 0080

0.025 ] KC 0.7_340 0 0080

0.031 ] KC 0.7640 0.0090

_ 0.025 i KC 0.7590 O, 0097

( [ 0.(015 1 KC 0.80]0 0.0094

t _-1,

- -19-

_g,.
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!
•_ I TABLE V

CALIBRATION DATA FOR DIELECTRIC

I SAMPLE _{OLDF.R NO. 2 WITH _QUAL -
AREA _-$.LEC_RO.DESAN_ NO SHIELD_

I Electrode Spa_nq P_regnency Capnc itance Diss ipa tion Factor

I k0"0005" 1 F,C i7. 5740 0.0020

0.0005" 5 KC 17.5610 0.0055

i 0.0005" i0 KC 17.5770 0,0100

_ 0.0007" 1 KC 1'7.5100 0.0020
8

0.0007" 5 KC 17.4940 0,0055

0.0007" i0 KC J7.5150 0.0100
A

'_ _ 0.0009" I KC 17.4640 0.0,320r

0.0009" 5 KC 17.4500 0,0055

|
0,0009" I0 KC 1,7,4680 0_0100

i 0.0011" 1 FC 17.4310 0.0020

_' I 0.0011" 5 KC !7.4170 0.0055
0.0011" I0 KC 17,4340 0,0100

I 0.013" I KC 17.4040 0.0020

0,013" 5 KC 17.3890 0,0055

!
0,013" i0 KC 17o408u 0,0100

i 0,0015" 1 KC 17.3500 0.0020

i 0.0015" 5 KC 17,3660 0.0055
0.0015" I0 KC 17.3850 0.0100

l 0,018" _ KC 17,3570 0,0020

i 0.018" 5 KC 17.3440 0.0055
0.018" I0 KC 17.3620 0.0100

i -20-
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paste: the second approach was to use normal Mo-Mn metallizing:

the third, and most successful approach was to use meta_ foil

I electrodes with vaseline between the specimen and the foil.Results of these test:_ and dielectric _r _surement tests are

consideued in a later section of this report.

I b. O_Optica 1

I The infrared absorption, curves were obtained with a BeckmanIR-8 spectrophotometer. It is an automatic recording single or

double beam instrument designed for the qualitative and quantita-

tive chemical analysis of liquids, so[,ids aJld gases. Equipped with

two gratings and four filters, the IR-8 has a wavelength range

from 2.5 to 16 microns. The instrument scans the entire range

i in 8½ or 25 minute_, recording linea_'ly p_rcent transmittance

i versus wavelenqth. Scale expansion, slit program, and time

constant are fixed, all parameters having been selected for

optimum performance. The double-beam optical s_,stem is null

i balancing, employing an optical attenuator in the reference beam.

The single-team system has a potentiometric null reference which

, simulate_ the nulling voltage normally produced by the energy

in the reference path, in double-beam or_,ration.

Wavelength repr0ducibility is .005 from 2.5 to 5 d and .010 from

i 5 to 16 :i. The stray radiation is less than 2% FrequePcy ac-_. .

curacy is .008 from 2.5 to 5 u and .015 to 16 u.

For the Be0 absorption analysis, double-beam operation was employed.

Energy from a Nichrome source is reflected by a pair of parallel

L mirrors. Thus, two identical beams are emitted from the source,

1 one along the refere:_ce path and the other alona the sampl_ path,

A beam combining section directs reference and sample beams to a

i chopper mirror rotating at i0 cycles per second. The two beamsare alternately directed through the monochromator entrance slit

where each beam is collimated on a grating. In the monochromator,

i each beam is dispersed into its component wavelengths and onenarrow band of wavelengths is alloweM to pass through the exit

slit, Then the beam is focussed an a thermocouple where thermal

energy is converted into an electrical signal.

Any difference in be_m intensity appears in the c_etector system

I as an alternating signal having an amplitude proportional to thedifference.

I The instrument automatically records the l:,.ear var_atlon oftransmittance as a function of wavelength. Where transmlttance

is the ratio of radlant energ/ transmitte_: to energy incldent on

I sample, both obtained at on_ wavelength_

I -22-
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it The absorption of energy in any spectrum is predicted by Quantum
Theory. When the energy of a photon is e-_actly equal to the

differences between two vihrationa! energy states of a molecule,

light will be absorbed. Since the energy of a photon is propor-

tional to the frequency of light, it is seen that the absorption

spectrum of a molecule depends upon its natural modes of Vibration.

! The Be0 crystal sample was mounted over a 0.i00" hole located in

i the center of a 2.21" x 2.08" plate and placed in the instrument's
sample slot. A similar plate, without the Be0 crystal, was placed

! in the reference slot. Since double-beam operation was used, the

plates equalized the beam intensity of both _eference and sample.

, However, by reducing the beam intensity, the amount of thermal

energy reaching the detector, was also reduced, thereby weakening
{ the output signal and slowing down the pen response• This problem

was easily solved by using plates containing several holes for
mounting crystals, allowing more energy to reach the detector.

!

", c. Thermal
!

A review of the techniques fo_ measurement of thermal conductivity

led to the selection of two approaches for making measurements on

small Be0 single crystals. These techniques are as follows:

i' (]") C__om_parative Method

', This measurement technique is similar to the so-called cut-bar4

technique described in ASTM Test Procedure C-408-5S which has

been utilized for the measurement of thermal conductivity of

ceramic materials. In genera], the cut-bar method consists of

_i a ser_es arraDgement of a material of known conductivity such

. as copper with the unknown interposed between two sections of the
known material. Thermocouples placed at predetermined spacings

- in both the known and the unknown allow calculation of Q feat

flow) once a thermal gradient is established, and K may be cal-

i i[ culated based on the A T along the sample In general this4
*_ technique is carried out in vacuum and is a relatively simple

method. The only complications that arise are usually in the

; attachment of the sample to the known material. In the measure-

-_ ment of single crystal beryllium oxide the size and geometry o±

known specimen material is extremely small and therefore for

these tests it has been decided to utilize the fiber or whisker

type of single crystal which will provide data in one crystallographic

direction. The apparatus consists basically of an electrical heat

source, a differential thermocouple probe which acts as the known

standard on the hot side and to which the tip of the crystal is

attached. The heat sink i8 a ]iquid low melting alloy materi_l

into which the cold tip of the c_ystal may be immersed so as t_

establish the thermal gradient. The entire apparatus is designed

-23-

1964018929-033



|

to be operated Jn v_cuum and should provide data at temperatures

up to approximately 200°C above which radiation losses could

i become an error source. Figures ii and 12 show the apparatus, and active components used in this method.

(2) The Dynamic Method

Arrangements were made with Queens Laboratory of Edison, New

I Jersey to develop a dynamic or pulse technique for the measurementof the thermal conductivity of the platelet form of BeO single

crystal.

•_ Through the efforts of Dr. H. T. Smyth and Dr. W. Bauer, the

physical calculations were made, and preliminary experiments

_ run to _.valuate this method as a means of measuring thermal
| conduc/civity. A small sub-contract was initiated %0 cover the in-

itial stages of this work and was sufficient to establish the

feasibilihy of the method. It basically consists of the intro-duction of a chopped light source on£o one side of the crystal,

each side of the platelet having a vapor deposited hi-metallic

_ film the_mocouple. Based on the frequency of the heat ertergy
i and the temperature gradient established across the crystal the

thermal conductivity may be calculated. Initial tests conducted

I with glass microscope slides _nd polycrystalline Be0 simulatedcrystals established the applicability of such a technique to

the measurement of m0nocrystalline Be0 properties. Appendix 1

I "contains a Complete description of the technique, and full dis-

cussion of the results gai,_ed.

• [ (C) Results
!

i. Task A - Sinqle___C_zs_y__lGrowt____h

I The nucleation and g_owth of pure, single crystals of Be0 has

;been accomplished in two completely different environments.

The qnallty of slngle crys_alllne pr_uct ha_ been very good,

but considerable work is still necessary to advance the state-

of-the-art to a position where crystal s_ze is significantly

' [ in'reased The most success has been achieved with the water-

" ! vapor transport method; while results of the crystallization

experiments indicate a very strong potential for this process.
I

i I a. Water-Vapor _ansport Method

I The experiments performed under this phase of the program are

listed in Table I. Crystals grown by this technique have been

l hexagonal in cross-section with diameters of 0.050 - 0.060 /

! [ -24-
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_[ and many crystals up to 0.17_" diameter. Chemical purity of

these crystals is bettez than 99.9%. Surface impurities con-

stitute nearly all of the contamination. The main sources of

contamination are in the incoming carrier gas containing re-.i.
active sceam, and in the nutrient Be0 _taterials.

%
W

' Several experiments were run where the seed plates were p_e-

treated with hydrofluoric and hydrofluorosilicic acids. In

these experiments, crystal nucleation was greater in the regions

treated with hydrofluoric acid, and less in regions treated

with _ydrofluorosilicic acid. This difference is believed to
be due to the leaching out of impurities from the surface of

I the seed and be considered similar to the differentplate, can

t nucleation/growth potentials at the surface of growing and

contaminated crystals. This similarity andknowledge of the

role of _mpurities in the flux growth method and in the evapo-
ration-condensation process point up quite strongly the need

for observing the controls set forth below and especfally those

pertaining to the purity of the system.

'_ (1) The reaction zone is constructed comp!etely of pure poly-

crystalline beryllium oxide tominimize impurities present

in the system.

(2) Nutrient material utilized as a source for beryllium hy _

droxide is high purity sintered beryllium oxide grit or

_ scraps and the seed material is also beryllium oxide.

b

(3) Induction heating through the use of the graphite su_ceptor

system is initiated with very rapid heating rated on the

order of 7°C per minute.

• (4) Water vapor is introduced at a temperature of 1200oc into

the reaction zone using helium as a carrier gas.

(5i Water flow rates are on the order of 2 cc per minute.
i

i (6) Vaporizer bath temperature should be 180°C.

('2) The high reaction zone where evaporation of
temperature

the beryllia occurs is between 1775 and 1825°C.

(8) A reaction holding time of 2% hours is utilized.

The close control of seed surface conditions so as to yield

_ platelets in the proper section of the reaction chamber, the

_e_ction chamber temperature, and the vaporizer temperature

, _ as it controls the water content of the carrier gas, are three

i parameters whJch need m_ch better control in order to yield

-25.-
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FIGURE ii

i 5ow Temperature Fiber Thermal.

Conductivity Apparatus
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I FIGURE ].2

I Active Components for Fiber

• The'_mal Conductivity Apparatus
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• high purity single crystals of Be() la£ge enough to be useful

in prototype fabrication and testing. Variations of as little

_ as + 5°C in the vaporizer bath temperature have been found to

_ crystal habit from either a fibrous or cotton-like con-

:_ I densate to the platelet form wh__ch is desired.

_k

b. Solution Growth Exloeriments

i. [
, Preliminary experimental runs were made with the _latinum-wound

14 t furnace. At temperatures in the vicinity of 1375_C a reaction

--_ L occurred between the platinum windjqg and the AI203 n{uffle. After
several attempts to make use of the platinum-wound furnace, it

b_cam@ evident that the pr, &ent system was not compatible with the

" I Mo03 vapors above the solution. A second solution growth furnace
_. was constructed using Giobar heating elements in an AI203 muffle.

The fu_-nace was calibrated in the temperature range 1300 - 1500°C,

_; i and several solubility experiments were run to determine the best

; operating conditions ant_ growth parameters. Table II lists these

I experimental r_ns and their results. Use .has b_-en made of both

• I Li2Mo04 and Li2Mo207 with Mo03 and spherical Be0 _,owder (-325

mesh). Results to date indicate• that Li2Mo04 with excess Mo03

i is better than Li2Mo207 with excess Mo03, It is also indicate6_, that the Li2Mo04 made from Li0H-an0 Mo03 was better than the com-

mercially available L_2Mo04: the reason probably being asscci ed

W with the 17 2% exce_s Li20 present in the commercially availabl_)

_; _ . _ ma£erial.

, I Data indicate that at 1455°C approximstely 0.25 mole of Be0 may be

'_ 1 dissolved in Li2Mo04:I.25 Mo03. Crystallization of Be0 mJ.cro-

; crystals was accomplished at 1425°C after a mixture of Li2Mo04,

, | Mo03 and Be0. (Molar ratio 1:I.25:0.5, respectively) was heatec]

! to 1455°C for a period of 30 hours then held at 1425°C for 48

hours. These crystals were no more than 0.005 - 0.010" in cross

section but displayed many of the physical characteristics assoc-iated with crystala grown from alkali,molybdate solutions by
other investigators. .

These identifying characteristics xn(:lude complete transparency,_\.

hexagonal cross-section, and hemi-pyramidal growths from the basal

I surface. (Fig.13) Growth rates h,_,v_,been reported in the vicinity, of 0.001" per day. Growth rates with Li2Mo04 made up by National
Beryllia appear to be somewhat faster and contlnued effoyts will

i be directed toward perfection of the process to produce largercrystals faster. ,.

For better control ,_nd faster growth, an artificial temperature

._ g_adient hes been built into the sys£em using Be0 heat sink blocks
and Be0 rod (1/4" x I" x 3%") between the heat sink and the plati-

. num reaction crucible. With this set of conditions it is

I possible to maintain a temperature of 1455°C on the p!al;inum
"" crucible and 13250C on the heat sink enc) o'_ the heat tran_;fer

"_ -26-
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:i_ [ rod. One additional heat transfer rod has been introduced
between the melt and the heat sink to complete the necessary

__ [ artificial gradient. This design offers the pos_!bility of

:_ [ securing a defznite and controllable thermal extraction area°

"_ 1 2. Task B - Properties Determinations
a, Dielectric Properties

" I";" Figures 7 and 8 show a plot of capacitance ae a function of

•_' distance between electrodes fur sample holders 1 and 2. These-.

| data were used in calibration of the sample holders with and
_-,'- | without concentric metal shields. It was found that metal shielGs

: were not necessary and, in fact_ led to misinterpretation of data.

The small diameter of the shield introduced error into th_ system_ hhrough the added high !earl-to-shield capacit,,ncc. Dai_a galned

. on both sample holders without a shield was more reliable, realis-

| tic and reproducible. In the case of the sample holder No. 2,

I the design of the holder itself affords sufficient ShleldJng

_: except in a case wl_ere a fluorescent loop light is operated very

i _ close to the test apparatus. In thJ_ case the 60 cycle pickup

_ by the bridge as._embly appea_s t-o have a greater e£f.'ect on the

readings than sa,'0[,leinterference. Capacitance r_adings .shown

"_._ | in Tables IV and V are representative of the capacitance of the

| complete holder, which should remain constant and the varying

_ capacitance of the air gap.. The composite cap=citane.p- is shown

| as a function of the electrode spacing. The difference ,J.n sample
t | }]older unit c,,oacitanee accounte- for the difference zn capacitance

reading s for _the two helders with the same electrode spacing.

'_ _ One aod-itional a]teration was necessary to improve the quallty

r- | of tl_e readings. Tl_is involved the reworking of. the ground

L. electrode to produce :i._/oequal diameter electrode proL_s-, and

_ prevented the inclu,_ion uf stray capacltancc readings at. url,_
_ the edges o£ the Be0 crystals (F/gurus ]4 _J_d ]r_).

"_ |' Preliminary calibration, of Lhc unit US_lig sample speclmen._ el
[ polycrystallin¢ Be0 between 0.092" and 0.012" thick was corn-

1% pleted prior to J.nitiatzng tests on s.ing[_; crystals. Data ga_m2d
,,: F from this calzbrat±on - standardization port,ion of the progr_,m

[ pointed uP several important facts useful in late_ testing of

single crystals.

Dielectric measurements on single crystal platelets of Be0 were

first made _uszng two elects.odes el differer:t cro_s-sectional

_{ i areas. The high cad was 0.,050" diameter w_th a low angle
._ taper: the ground ,,l_._c.trodewas a ped_,sta] of uniform 0 190"

dlameter. The s,nqle crystal samples wv.t'_,po,_t _,n_._lb,.,tw_._.n

I -2R-
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, the unit electrodes with silver paste squeezed into s_,rface-

P conforming electrode_ in contact with both faces of the crystal.

Capacitance readings were taken and the electrode areas were
_ measured. Several faults were found with this type o£ set-up.

(I) Measurements of exact areas of contact were very poor

L due to size and irregularity of shapes of crystals.

i _2) Silver pastes (and other pastes) do not constitute

pure metallic electrodes and the contaminants present

contribute to the total capacitance of the system.

; (3) As tDe thickness of the silver pante electrodes varied

the high lead-to-ground stray capacitance varied and was
not measurable.

(4) Handling of crystals and application of pressure were

very difficult and in many cases resulted in damage to

the crystal.

Following alterations in unit electrode design, the following

procedure was used in measuring dielectric properties of single

Be0 pl_telets.

(a) Spec:i_sn was selected with hexagonal cross-section and

surface free of spurious _rowths and other imperfections.

(b) Two tin £oii electrodes of 0.050" diameter cross-section
J

were fabricated between high lead and ground electrodes

:, ) of equal cross-section.

(c) Surfaces o_ tin foil electrodes were treated with vaseline,

_ I and electrodes were positioned on unit electrode tips.

(d) Single crystal platelet wa_ positioned on foil on ground

i electrode and high lead electrode was b_ought in contact

u_ing micrometer advance.

(e) Capacitance measurements were made with several different

electrDde contact pressures.

: _ (f) Singlo c_ystal specimen was removed to metallograph for
exact moasurement of thickness.

_! Table VI lists dielectric test data for single crystal Be0

p]ateletm. All measurements were made par_llel to the c-axis.
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_ Polycrystalline Be0 has a dielectric constant of 6.3. Sample
bolder No. 2 was calibrated and standardized with thin wafers

5

of polycrystalline Be0 produced by cold-pressing _[:d sintering,

and by hot-pressing techniques.

It is interesting to note that on crystal CP II-17 a dielectric

constant of 5.89 was established by holding the crystal lightly;

' however, when the electrodes were tightened on the crystal, a

dielectric constant of 7.07 was established. This crystal

showed the least number of surface imperfections of the crystals

teste_. This same characteristic response to pressure was also

e" idenced with several other crystals, indicating that as pres-

sure was increased the interface vaseline was squeezed out and

the readings more closely described the true capacitive nature

of the single crystal Be0. A discussion of these results and

the anisotropic characteristics of single crystal platelets of

Be0 is contained in a later section of this report.

Table VIl lists data on the volume resistivity of single crys-

. tais of Be0 measured parallel to the c-axls. The instrument

used was a Type H Teraohmmeter capable of measurements to 500
teraohms at i000 wvdc. All measurements were made after at

least cne (i) minute at a given working voltage, and after a

stable temperature had been established for at least _ive (5)

minutes. Room temperature tests were conducted at 200. 400,

600, 800 and i000 wvdc levels. Elevated temperature tests were

i conducted at 200 and 500 wvdc levels to _empe_at_res of 125°C

Results indicate that the volume resistlvity at room temperature

and 500 wvdc is higher than can be accuretely measured with a

teraohmmeter, and appears to be at 1015 o_m-cm to 1018 ohm-cm.

It is definitely well in excess of 500 teraohms at room tempera-

ture and up to i000 wvdc applied parallel to the c-axis for

extended periods of tlme_
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b. O_Dtical Properties

I! A study was made of the optical characteristics of beryllia single

crystals in the infrared range which will relate directly to the

ability of the crystals to transmit heat When utilized in conjunc-tion with various component devices. The spectrum studied _'_s

from 2.5 to 16 microns. The techpique was similar to that used

_i for material which could be formed into a continuous film. The
L infrared test data is shown in graphical form in Figures 16 and

17. Analysis shows 99% traDsmission from 2.5 to 7 microns for sin _

I gle crystals, above which it exhibits strong absorption. Trans-mission decreases to 8% at 8 microns where it remains constant to

36 microns. ._or comparison purposes corresponding data was obtained

| on mosaic structures made up of several single crystals, 95% dense

l cola pressed and sintered Be0 and theoretically dense not-pressed

Be0 of 99% purity. Transmission characteristics _or mosaic struc-

I tures were similar to single crystals, but transmission level waslower due to fixturing and misorientation. A noticeable absorption

peak occuns in the Be0 single crystal at about 7.3 microns and amino

Peak occurs at 6.5 microns. These absorption peaks were reproducibleover several Be0 monocrystalline samples mounted in various ways with

'both slow and fast scan on t_e spectrophotometer indicating a funda _

• _ mental behavior of the c_ystal str_Icture.
J

c. Thermal Prop e_ _ies

- Considerable work was done under this portion of the program to

es%ablish the feasibility of using a method defined as unsteady

1 state heat flow through thin sheets° (4) This work was conducted
. a at Queens Laboratory, Edison, New Jersey. A full report was sub-

mitted to National Berylli_ by Queens Laboratory and is included

I in Appendix 1 to this report.
I

I

f

1964018929-046



,i_ j_ . _.

%
.w

_- IV. SUMMARY AND CONCLUSIONS

_% Task A. Sin le_ sta_owth

,!_ The growth of single crystals of beryllium oxide by the water vapor

:_ transport method has been the most successf,_1 method of preparing

single crystals in a form useful for determining the anisotropic

characteristics o_: their physical properties. The continued growth

'_ of small p]atelets to yield larger, more useful test samples is

mainly dependcnt upon the thermodynamic properties of the system

._'_' and the impurities present in the system as they affect the nuclea-

:- tion and kinetics of growth. Growth by crystallization from solu-

,, tion shows very definite possibility as _n alternate method to pro-

duce monocrystalline beryllium oxide if the crystallization-growth

,_ controlling parameters may be better defined an4 controlled.

'. Task B. Dielectric._ , Optical and Thermal Properti q

Several investigators (5) have reported the crystal structure of

_i beryllium oxide to be a dihexagcnal _ructure. Piezoelectr_4c _

characteristics h_ve been identified and are slmilar to what one

would expect based on the crystal structure and hemi-pyramida]

c_-ys_al characteristics and the physical response to chemical

etching

-'_ Predictions on the anisotropic dielectric prol_erties of Be0 follow

'_ two general trains of thought One line of thought would expect
'_ • .

• oev_d_n, of the dielectric constant for single crystal material

from the average value for po!ycrystalline material based on the

relative inter-atomic distances in the "c" and "'a" directions. Cell

constants have been determined by x-ray analysis as aO = 2.6979 .+
0 000_2 A, ana co = 4.3772 + 0.0002 _, c/a = I_63. Another line of

: -" _:hought wouldexPect deviation based upon the relative interplaner

! ., distances and the bond dictances. In this case the Be_0 bond dis-

,_ tan(,_ para!iel to the c-axis is 1.659 _, and the Be-0 bond distance

" ,, a,_ 108047 ' from the c-a;:is is 1.645 _

<
_ If one considers only the cell constants (c/a ratio of 1.63) he

I " could expec_ that the dielectric constant in the "c" direction should

r -_'_ be less than 6 3, and in the "--':. _._ direction more than 6.3.

i! -.., Using the same int_.r-electron effectiveness reasoning, but consider-

- ing the interplanar as well-as the inter-atomic distances b_tween

i dissimilar atoms one could expect that the dielectric constant in• "_ the "c" direction should be more than 6.3, and in the "a" direction

-[, _hould _e less than 6.3. Interpianar distances are 1 659 _ and

:_ 0.5297 A; inter-atomic distance bet%,_een dissimilar atoms on a planar

i "_ projection is 1 5574 ._

!
! _ -36-•, ,)
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It is interesting to note that on crystal CP II 17 a dielectric

: constant of 5.89 was established by holding the crystal lightly;

I however, when the electrodes were tightened on the crystal, a
dielectric constant of 7.07 was estab!ished. This crystal showed

the least number of surface imperfections o£ the crystals tested.

I This same characteristic response to pressure was noticed on several
crystals, indicating that as the p_essure was increased, the inter-

face vaseline was squeezed out and the readings more closely described

i the true capacitive nature of the single crystal Be0°

In measuring the volume resistivity of single crystals of beryllium

i oxide it was difficult to properly evaluate the electrical char-
acteristics due to the size and shape of the platelets. HoweveL,

it is quite evident that the volume resistivity of monocrystalline

- _ platelets of Be0 tested _ith I000 wvdc applied par_llel to the "c"
i

crystallographic-' direction is well in excess of 1015 to 1018 ohm-cm

at temperatures up to 125°C.

| .
Inf.-areal tran.qm_ssion-ab_or_t2on characteristics were determined

in the range £rom 2 to 16 micron_. It was established that sing].e

I crystals of Be0 exhibit nearly 99% _ransmission in the 2 to
range

7 microns, with a major absorption pe_k at 7.3 microns and a minor

absorption peak at 6.5 microns. Tran_:mission d_creases to approxi-

: I mately 8% at 8 microns and remains constaht through 16 microns.
Cold-pressed and sintered Be0 with density of 95% showed almost total

. _bsorption threughout the 2 to 16 micron range. Theoretically dense

l hot-pressed Be0 of 99% purl / shG_'e__ optical cha1"acteristics similar
to those of single cr_-stal e0 in the positions of the absorption

peaks, but different in the hr_nsmission and ab_,_--._:___,_ levels.

i Mosaic made of several crystais of Be0 showed si._,i._ar
structures up

characteristics to single crystals bo_t lower transmission level

due to fixLuring.

J

Tests run by c2ueens Laboratorv fo_ Nat_ional Beryilia Corp. on the

t determination of anisotropic thermal propertie_ o£ monocry_talline

Be0 by the unsteady state heat flow method sh_,ed _he method would
be acceptable for measuring the thermal conductivity of s;ngie crystal

platelets of Be0. No tests were run on Be0 single crystals.

When reviewing the above summary of data, accumulated during the

course of this investigation, it becomes evld_nt that there exists

I a very definite need for further studies of the anisotropic c_._rac-
teristics of monocrystalline Be0. Results gained under the present

contract are in good _ .... _ ,.._._e_ ..............tho_ gained through several

other investigGSors. However_ not enough conclusive data has been

gener_t_.d which c_n fully describe the anisotropic characteristics

i of B_0. A sufficient basis, both in experience and in results, h_s

been established to _ssure a rapid coordination of facts into a truly

cow,elusive descz'iption of these anisotropic characteristics through

cor:tinued studies.
-3 7-
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STUDY OF IMPROVED BERYLLIUM OXIDE

MATERIALS FOP, MICROELECTRO_:ICS TECII_OLOGY

I.
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", UNSTEADy_STATE HF_ATFLOW THROUGH THIN SHENI'S
!

Introduction

Outlined below is the preliminary Investi6atlon of the

-:, feaslbll_,y 0£ measurlng tn,_c,,:a_dlffu_ivlty of c,.ramlc y;mte,,.tals

by s_udylns the flow of a slnusoldal temperature varl.atlo_

throu6h a thin sheet of tl_emateriaL, The problem _._ov_r-

simplified and %,i p_actlce th_e wili be the obvlous necessity

of handling va_.o',,_co-.,,ectl)u_, ¢_ d,-sIzulnz the e×pe_,Iment so

ss to mln'Im%ze the r_eoes._i_,.Vfo_ iQ1ese corrections. The col

, reotlons .will be mmntJ.oned at the end but not stud_.ed _n detail
b

a'_ this stage of the Investlgat_on,

_de_ Condltion_

:. The sample, in the form of an Inf.ln.lt_..qheetof finite

thio_,.ess, Is subjected on one slde to a heat flux which vsrles

._- sinusoldally with time s_ that in cn_ h_if cycle it is rece_vin,z

"_ I and In the ot)_er half cycl_ .tt is emitting. The surface of the

a_eet is considered opaque to whstew_, radiation f_ falllng on

. it, _nd all _ad/atlo,_ emlt,te,l ta considered to be rad.la_ed from

! | l,.-_esurface, not the int_rlor, The other surface in considered
!

, to be p¢'_Cectiv %nsulg_._.dso that th_,e is _o heat flo_ into or

,_ out of thls surface, Radiation t_ans_,'erwithin the sheet is

also n_iected.

-)
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I The flew of heat to the irradiated side vtill be
taken to have the form

-_ Ii Io sin_t cals/cm_/sec

--- The boundary condition will be

_ I0 sin_t -- - _ _

I where k is the thermal conductivity. This heat will pass into
the interior in the form of a decaying temperature ._ave of the

I fo_m

I
where _ is the thermal diffusivity of the material and A and B

j
are arbitrary consta_ts to be determlneC so that the boundary

condition is satisfied.

i

I The front wail (reeeivinl_ the radiation) is taken to
be Bocated at _aO and the In_ulat®d bacl_wall at _ _ .

The incensing thermal wave will generate a reflected wave at the

backwall of such _ fo_ that the addition of the incensing and

ref&ected waves _iv_ a zero gradient at _0 . The wave will

I be again reflected _b _cO the two waves addin E up to _ive

zero gradient so that the first boundary condition is still

I sati_Aed. The wave can be followed until _t has decayed to

where it has no signifio_nt effect on the temperature va_iatlon.

To _atisfy the first boundary condition at _0

!
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'" It t,u_ns out that the absolute magnitude _nd the

, phase of the fiPst thermal wsve going into the sheet are not
I !

important _ince the method ultimately reduces to measurement of

'| t the ratio of _mplltude variation on the two faces.
The incoming temperature wave is written thus in the

a'

' 1 The first reflected wave (_t _ ) is written

The next reflected wave (at _-'(_ ) is written

The next (at _ ) is

These _,'-,,I.,_r'eSont t.h_ _,a_s t_--_'_ i_,,;b_ck and forth until their

mnplitudi_ becomes neg!.glb.e,

;, The temperature at _0 is ,._Ven by

1 I '

t i
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I and at _ _ the temperatur, is 6iven by _+_'

I _o_,,_uoso_ _ _ _.n_ _o_ o_ _ _ _top_
of .'7_ these two expressions were summed and amplitudes

._) ,
were computed by taking the square root of the sums of the

J squares of the coef£ielents of sin &_ and cos_ after

the summation had been carried out. The resulting curve is

plotted in Fig. I with the ordinate expressed as the ratio of

the square o£ the amplitudes of the temperature variation on

_he two faces of the sheet.

Z_xperimental

After some preliminary tests the following arrangement

;ma sot up to hake a quick check of the experimental feasibility.

The sample was a single crystal o2 magnealtnn oxide of thickness

.02b cms. The surCace temperatures were read by depositing on

the surface by sputterln_ a thin coat of platinum. In order

t,o !-t a _u£flciently hIzh res[sr mtce the electrical path w_s a

maze ms_e by maskin G durtn% the .qputterlng. A_n approxlrate

I

eestcn is shown in vlC_. 2_
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_I _ platinum serves as a resistance thermometer to measure

surface temperature. Some attempts were made _o deposit two

_i different metals overlapping to serve as a thermocouple. The

_t resistance thermometer was, however, much easier to deposit _nd

-_ was much more reproducible° The thermocouple idea might still

" I have promise but would require more develol_ent than seemed
proper in this test. _

}I _ The sinusoidally varying flux was approached by Inter-

_| rupting the heat radiation from a tungsten filament bulb fitted

with internal reflectors. The interruption was by means of a

_ sector disk driven by a variable speed motor.

_i Since the incident radiation must not be allowed to

impinge on the back surface, the front surface (and the back

surface) were coated with Black Top _5, an asphalt bssed black

_, ink which rendered the surfaces opaque. This was fo_ud

!_ experimentally to be necessary.

The amplitude of the temperature variation on both

i sides was amplified through a Bogen 200 Amplifier and read on
an oscilloscope with calibrated scale. The circuit was as

shown _n 3.
Fig.

H The resistance R was chosen to be close to the _oom

temperature resistance of the s_Iple (about 1200 o}_ns)o The

H

'1

!
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filter network was a twin T network desi6_led to filter un-

waated 60 cycle pickup.

J
There was very little ti_r,ev_quir _d tc 2each

U equilibrium because of the thinness and coi,,_ar_r.l,lelyhigh

conductivity of the sample.

The points taken from such a test are shown plotted

[ in Fig. i using the same ord_nate_ and abci_sae as were used in

Ii the calculated wave. No corrections of an_" kind have been
applied to these data.

_ Possib!e Corrections

Since the incoming flux of radiation is not truly
sinusoidal it may be necessary either to carry out a Four,let

analysis of the wave _orm or to arrange a system of electrical

filter to transmit only the fundamental frequency.

Corrections will in all probability have to be made

for rsdiation losses from the two faces of the sample. Such

losses would change the reflection conditions at the surfaces

_i a_d would modlfy the mathematical treatment.

The finite thic!_ess and ther-lal capacity of the

_ opaque coating might have to be allowed for. !

In cases where the sample is very thin it may be

'i [ desirable to sputter and then electroplate a backing of aopper
i

!

i
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so as to _educe the frequency which may be quite high for
thin beryllia samples6

U Conclusions

As far as can be Ju_ged from these preliminary experi-
ments the method is entirely feasible. Some modifications may

Ii have to be made for very thin and very highly conducting samples.

I

li

[
11
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